Reduced electron screening in two-dimension plays a fundamental role in determining exciton properties, which dictates optoelectronic and photonic device performances. Considering the explicit electron-hole interaction within the GW −Bethe-Salpeter formalism, we first study the excitonic properties of pristine phosphorene and investigate the effects of strain and impurity coverage. The calculations reveal strongly bound exciton in these systems with anisotropic spatial delocalization. Further, we present a simplified hydrogenic model with anisotropic exciton mass and effective electron screening as parameters, and the corresponding results are in excellent agreement with the present GW −BSE calculations. The simplified model is then used to investigate exciton renormalization in few-layer and heterostructure phosphorene. The changes in carrier effective mass along with increasing electron screening renormalizes the exciton binding in these systems. We establish that the present model, where the parameters are calculated within computationally less expensive first-principles calculations, can predict exciton properties with excellent accuracy for larger two-dimensional systems, where the many-body GW −BSE calculations are impossible.
I. INTRODUCTION
Excitonic properties of two-dimensional (2D) materials are markedly different from their bulk counterparts due to the fundamental difference in electron screening, and has attracted much attention conceptually in recent times. [1] [2] [3] Many 2D materials interact strongly with light, and the concurrently generated electron-hole pairs interact strongly due to reduced screening. [4] [5] [6] [7] [8] [9] For example, while exciton binding is small, 84 meV, in bulk MoS 2 , [10] due to reduced screening in monolayer MoS 2 , it is measured to be in 220-570 meV range. [6] [7] [8] Moreover, unlike the Frenkel excitons, the excitons in 2D materials can be delocalized in space and extend over 1 nm. [5, 9, 11] Further, the widely varying exciton binding has been reported in the different class of materials and has important implications in device applications. For applications in solar cells, photodetectors, and catalytic devices, exciton with weak binding leading to easy dissociation is desirable. In contrast, the materials with strong exciton binding are ideal to study plausible exciton-polariton condensate and for applications such as polariton lasing. [12] Phosphorene has attracted a lot of attention due to its many plausible technological applications, [13] [14] [15] [16] [17] and has become an interesting proving ground for manybody physics. [18] [19] [20] The Dirac semimetal state has been experimentally realized in few-layer phosphorene under adatom absorption. [19] We have recently reported an intrinsic, robust and high-temperature Kondo state in defected phosphorene doped with a transition-metal impurity. [20] In the present context, phosphorene has unique * These authors contributed equally † Corresponding author: mukul.kabir@iiserpune.ac.in optical properties that are mainly determined by the quasiparticle band structure and screening. Originating from a puckered honeycomb network, the electronic band structure is highly asymmetric in phosphorene and consequently, the optical properties are also found to be highly anisotropic. [1, 14, 15, 21] The quasiparticle and optical gaps of single-layer phosphorene (SLP) are experimentally measured to be 2.2 ± 0.1 eV and 1.3 ± 0.02, respectively, through photo-luminescence excitation spectroscopy (PLE). [21] This results in a very high exciton binding energy of 0.9 ± 0.12 eV due to reduced screening in 2D quantum confinement. Studying quasiparticle band structure and the corresponding optical properties is a non-trivial and computationally expensive task. The conventional density functional approach fails to reproduce the correct experimental results which involve excited states. [22] In contrast, the many-body perturbation theory based GW method produces the correct quasiparticle energies. [23] In this approach, the electron self-energies are expressed in terms of Green's function G and screened Coulomb interaction W . Further, the optical properties of semiconductors and insulators are strongly affected by interacting electron-hole pairs, which is described through the Bethe-Salpeter equation (BSE). [24] [25] [26] These theoretical descriptions lead to an excellent agreement with the experimental results. [22] Here, we study the quasiparticle and optical properties of SLP and its derivatives within the GW and BSE formalisms, and also investigate the effect of strain. Results on the pristine SLP are in excellent agreement with those obtained from the transmission and photoluminescence spectroscopies. [21, 27] The optical absorption and the corresponding excitons are found to be highly anisotropic. Due to the 2D confinement of photogenerated electron-hole pairs, the exciton binding is exceptionally strong, which is in accordance with the experimental measurements. [21] While a rigorous treatment of electron-hole interaction within the BSE formalism provides an excellent description of exciton binding, [9, 11, 22, 28, 29] it is computationally very expensive and thus restricted to the systems with small size. In this context, we describe a hydrogenic effective exciton mass model in which the parameters, the effective carrier masses and the static dielectric constant, are calculated within the conventional density functional theory (DFT) calculations. [30, 31] The results of this simplified model are in excellent agreement with those calculated within the BSE formalism for the pristine and strained SLP along with the SLPs with 1 ML impurity coverage. Further, the anisotropic hydrogenic model is extended for larger systems with low impurity coverages that are earlier predicted to be good candidate materials for water redox reactions. [17] The quantum confinement of exciton should be extraordinarily affected by the varied thickness of the 2D material, which alters electron screening. This picture is well captured within the present model through the renormalization of exciton binding in few-layer phosphorene. Furthermore, the practical applications of phosphorene are limited due to its fast degradation in ambient conditions resulting in a severe alteration in the corresponding electronic properties. [32] [33] [34] Thus to avoid degradation, phosphorene is encapsulated with a capping layer and substrate, and the devices restore the intrinsic carrier mobility of phosphorene. [13, 21, 32, [35] [36] [37] In this regard, we also investigate the electronic and exciton properties in SLP encapsulated with atomically thin hexagonal boron-nitride (h-BN), which is often used to protect phosphorene from degradation. [35] [36] [37] 
II. METHODOLOGY
The structural optimizations were carried out within the conventional DFT formalism [38, 39] and the electrons are treated within the projector augmented wave method. [40] The Kohn-Sham orbitals were expanded in plane-wave basis with 400 eV energy cutoff. The exchange-correlation energy was described with PerdewBurke-Ernzerhof (PBE) functional. [41] The Brillouinzone was sampled using Γ-centred 17×13×1 MonkhorstPack k-grid. [42] Complete structural optimization was carried until the forces exerted on each atom are less than 0.01 eV/Å threshold. In phosphorene, three electrons participate in the covalent σ-bonding with three neighboring P atoms, whereas the remaining two electrons occupy a lone pair orbital. Thus, for phosphorene and its derivatives such as P 4 X (X=O and S), we considered van der Waals interaction through the non-local correlation functional optB88-vdW during the structural optimization, [43, 44] while for the larger systems in fewlayer and heterostructure phosphorene we used the D3 functional with zero damping. [45] The obtained lattice parameters for SLP are a = 4.58 and b = 3.32Å along the armchair and zigzag directions, respectively, are consistent with the previous reports and experimental black phosphorus (Supplemental Material). [27, 32, [46] [47] [48] [49] The optimized structures with the PBE exchangecorrelation functional are then used for the subsequent GW -BSE calculations. The quasiparticle (QP) picture is investigated within the partially self-consistent GW 0 approach by iterating the one-electron energies in the Green's function G. [23, 50] Two self-consistent updates for the Green's function (G 2 W 0 ) are found to be sufficient to converge the QP band gap. The convergence of QP gap as a function of unoccupied bands was found to be much faster for phosphorene, [1] and we find that 158 such bands to be sufficient in this regard. Further, the electron-hole interactions are incorporated within the BSE formalism, which provides the optical gap and the corresponding exciton binding energy. [22, 25, 26] The optical properties are calculated using frequency dependent complex dielectric tensor, ε(ω) = ε (ω) + iε (ω). The imaginary part ε (ω) of the linear dielectric tensor is calculated in the long-wavelength q → 0 limit, [51] 
where Ω is the volume of the primitive cell, ω k are kpoint weights, and the factor 2 inside the summation accounts for the spin degeneracy. The ck ( vk ) are kdependent conduction (valence) band energies, u ck,vk are cell periodic part of the pseudo-wave-function, and e α,β are unit vectors along the Cartesian directions. The real part ε (ω) is calculated using Kramers-Kronig transformation, and the absorption co-efficient is calculated as
. Within the BSE formalism, an exciton state |S can be written as, [26] 
where |vck =â † vkb † ck+q |0 with |0 being the ground state, andâ † (b † ) is hole (electron) creation operator. q is the momentum of the absorbed photon, and A S vck are electron-hole amplitudes. The corresponding excitation energies E S are determined via BSE, [52] 
where QP are quasiparticle energies, and K eh is the electron-hole interaction. The imaginary part of the dielectric function ε (ω) is calculated by the optical transition matrix element of the excitations.
Such a rigorous treatment within the many-body theory coupled with BSE scheme provides an excellent description of QP and optical gaps; and exciton binding, which all compare well with the experimental results. [9, 11, 22, 28, 29] However, such treatment is restricted to the systems with small size due to its exceptional computational cost. Thus, one needs to develop simplified models to investigate excitons in realistic systems with appreciable accuracy. For three-dimensional materials, the simplistic Mott-Wannier model predicts the exciton binding energy as, E 3D x = (µ/ε 2 )R ∞ , where R ∞ is the Rydberg constant. The excitonic effective mass µ and the static dielectric constant ε can easily be calculated within the standard electronic structure calculations. [53] In contrast, the excitonic properties of two-dimensional materials are fundamentally different from their 3D counterpart, and cannot be described within the MottWannier approach. In 2D materials, excitons are strongly confined and the dielectric screening is considerably reduced. [4] [5] [6] [7] [8] [9] There have been recent efforts to develop excitonic models for 2D materials, however, the significant effort has been devoted to the isotropic materials such as transition metal dichalcogenides. [3, 30, 31, 54, 55] Here, we present a generalized scheme appropriate for the anisotropic electronic materials such as phosphorene and its various derivatives. [30, 31] For 2D semiconducting systems, the effective exciton Hamiltonian can be written as,
where
h is the exciton reduced mass, and r is the electron-hole separation. Following Keldysh, the non-locally screened electron-hole interaction is described by, [56] 
where ε 1 and ε 2 are the dielectric constant of the upper and lower media; and ε 0 is the vacuum permittivity. H 0 and Y 0 are Struve and Bessel functions. The screening length r 0 is related to the 2D polarizability χ 2D as r 0 = 2πχ 2D , [57] where χ 2D is calculated using the static dielectric constant ε of the concerned 2D material, ε(
where L v is the transverse vaccuum size. The ε is calculated from the real part of complex dielectric tensor ε(ω) at zero frequency. Note that the interaction V 2D at large separation r >> r 0 follow the 1/r Coulomb interaction, whereas at the r << r 0 limit, the interaction reduces to a weaker log(r) dependence.
The variational excitonic wave function, for an anisotropic electronic material such as phosphorene with m 
where a y = λa x is the anisotropic exciton extension along the x (armchair) and y (zigzag) directions, respectively, and treated as variational parameters. Using this form of excitonic wave function ψ(x, y), the expectation value of the kinetic energy is calculated to be,
Here µ x and µ y are the reduced exciton mass along the x and y directions, respectively. The corresponding potential energy is given by, [30] 
The variational exciton binding energy,
, is minimized with respect to the variational parameters λ and a x to obtain the exciton binding energy, and (anisotropic) exciton extension. The parameters in the above model, effective electron and hole masses in different crystallographic directions and the static dielectric constant are then calculated from the first-principles calculations. In principle, these parameters can be calculated using any level of approximation to the exchange-correlation functional, and here we have used the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional. [58, 59] 
III. RESULTS AND DISCUSSION
First, we discuss the optical and excitonic properties of pristine phosphorene and investigate the effect of uniaxial strain along the different crystallographic directions. Here, we compare the computationally expensive GW -BSE results for these systems with the simplified model calculations. Once we demonstrate an excellent agreement between these methods, we extend our investigation within the simplified model for the realistically large systems, where GW -BSE calculations are practically impossible.
A. Pristine phosphorene
We start with the electronic and optical properties of single-layer pristine phosphorene [ Figure 1 (a)] within the GW -BSE approach. Due to the long-range Coulomb interactions, these properties of 2D materials are strongly influenced by the vertical separation L z between the periodic images. [1, 60] As it was shown earlier that the QP band gap converges as 1/L z , we extrapolate the gap to L z → ∞ limit, which we found to be 2.14 eV [ Figure 1 (b) and Table I ]. This extrapolated E QP g is in excellent agreement with the previous theoretical, [1] and with the two experimental results that are available to date. [21, 27] The high-resolution transmission spectroscopy predicted a transport gap of 2.05 eV, [27] while the photoluminescence excitation spectroscopy suggests a QP gap of 2.2 ± 0.1 eV. [21] Comparing the present G 2 W 0 results with earlier G 0 W 0 calculations, [61, 62] we argue that the self-consistent correction to the self-energy (Σ = iGW ), through the Green's function update, is essential to predict the QP gap correctly. It is important to note here that the optical gap converges much faster than the QP gap with varying L z [ Figure 1 Table I ] along the armchair direction is in excellent agreement with the experimental range of 1.30 -1.45 eV. [14, 21] The large exciton binding energy of 0.74 eV indicates strongly bound exciton in SLP, which is in excellent agreement with the previous GW -BSE calculations [1, 62] and the experimental prediction of 0.9 ± 0.12 eV. [21] . Note the absorption edge corresponding to light absorption along the zigzag crystallographic direction lies at much higher energy, and thus SLP shows linear dichroism. [46] We calculate the exciton binding within the hydrogenic effective exciton mass model, where the parameters are calculated from a relatively less computationally expensive treatment of the electron exchange and correlation, namely within the HSE06 hybrid functional. The effective carrier masses are highly anisotropic (Table I) as estimated by fitting the HSE06 bands to the parabolic dispersion E(k) = 2 k 2 /2m * . The estimated m * e is much smaller 0.16m e along the armchair direction than the same along the zigzag direction with 1.40m e , where m e is the electron rest mass. The qualitative picture is the same for the hole, as m * h along the armchair direction is much lighter 0.12m e compared to 4.69m e along the zigzag direction. Thus, the effective exciton mass along the armchair direction is much lighter compared to the same along the zigzag direction (µ x << µ y ). These results are in good agreement with the previous results. [46, 63] The other parameter of the model, static dielectric constant is calculated from the real part of the complex dielectric function at zero frequency. The average of static ε along the armchair and zigzag directions is used to calculate the 2D polarizability χ 2D (Table I) . Using these parameters, the effective exciton mass model predicts an exciton binding energy of 0.79 eV, which is in excellent agreement with the present GW -BSE prediction and the experimental estimation (Table I) .
The spatial distribution of exciton state is found to be anisotropic and extended along the armchair direction (a x =12.26 and a y =4.90Å), with spatial anisotropy satisfying the relation, λ = a y /a x ∼ (µ x /µ y ) 1/3 , that was analytically predicted earlier. [30] In an agreement, such elliptic spatial structure of bound hole has recently been observed in black phosphorus through STM tomographic imaging. [64] B. Effect of uniaxial strain
The effect of uniaxial strain on the electronic structure of SLP has been studied earlier within the conventional exchange-correlation functional. [20, 63, 65, 66] However, the considerations of self-energy correction and electronhole interaction are scarce in this regard. Here, we investigate the QP and optical gaps; and the corresponding exciton binding for SLP under ε a/z s = ±5% uniaxial strain (Table I) , while the strained lattice is relaxed along the transverse direction. We earlier reported that the strain energy along the zigzag direction is much higher compared to the same along the armchair direction and thus, straining the SLP along the armchair direction is comparatively easier. [20] Within −5% ε a/z s +5% strain decrease with uniaxial compressive strain, while they increase with tensile strain (Table I) . Clearly, the manybody interaction is comparatively more affected by the uniaxial strain along the armchair direction. Further, the compressive strain triggers a stronger renormalization than the tensile strain of equal magnitude. The absorption anisotropy in different crystallographic directions remains intact [ Figure 2(a) ]. Within the applied strain range, the first absorption peak appears within 1−1.50 eV for light polarization along the armchair direction. In contrast, for the light polarization along the zigzag direction, the first peak appears above 3 eV and in general shows higher absorbance. Applied uniaxial strain changes the oscillator strength significantly [ Figure 2(a) ]. While the oscillator strength corresponding to the ground state exciton changes by ±10 % for the strain ε a s = ±5% along the armchair direction, the change is even more significant, ∓30% for applied strain along the zigzag direction, ε z s = ±5%. Interestingly, for ε z s =5%, we observe a competing absorption peak just below its QP gap. Such strain dependent E QP g and E opt g may explain the variation observed in photoluminescence peak on different substrates. [14, 21] The excitons remain strongly bound under applied strain, while the G 2 W 0 -BSE calculated E x varies between 700-900 meV within the investigated strain range. The subsequent excited states reflect a sensitive dependence on the strain dependent dielectric screening [ Figure 2(b) ]. Thus, strain engineering in phosphorene leads to wide photoluminescence energy, enhanced absorption, and multiple exciton formation.
Next, we investigate the effective carrier masses with a varied uniaxial strain within the HSE06 functional. In agreement with an earlier report, [63] the effective electron and hole masses are severely affected by strain (Table I), however their qualitative anisotropic nature remains intact with µ x << µ y . These m * e and m * h are used to estimate E x for the strained SLP within the hydrogenic model, which are in excellent agreement with the more accurate GW -BSE results (Table I) . Further, the spatial anisotropy of exciton λ ∼ (µ x /µ y ) 1/3 remain similar under strain as in pristine SLP (Supplemental Material).
[49] These results essentially validate the applicability of the present hydrogenic model for the anisotropic 2D phosphorene.
C. Effect of impurity coverage
The presence of lone-pair electrons in phosphorene makes it reactive and can easily absorb impurities with a strong binding energy resulting from the P to impurity change transfer. We have earlier discussed O, S and N chemisorption with varied impurity coverage and it was concluded that 0.25-0.5 monolayer (ML) O/S coverages become conducive to both water redox reactions. [17] While the exciton binding energy plays an important role in efficient charge separation and in turn affects the performance of a catalytic device, the SLP derivatives with such low impurity coverages are very difficult to investigate within the GW -BSE formalism. Thus at first, we investigate the derivatives with high 1 ML O/S coverages, P 4 O and P 4 S that can be represented by a small cell, and compare the GW -BSE results with the effective mass model.
The SLPs with 1 ML O and S coverage are found to be indirect gap semiconductors, and both QP and optical gaps are severely altered (Table I) upon impurity coverage, the picture is reversed for the 1 ML S-covered SLP. The absorption edge, calculated by considering the electron-hole interaction, lies at a much lower energy than the same calculated without the interaction (Figure 2 ). This observation indicates strongly bound excitons in these derivatives similar to the pristine SLP (Table I ). The qualitative anisotropic feature in the carrier effective masses are intact but are severely altered in all crystallographic directions.
[49] However, the anisotropy in effective exciton mass disappears with λ ∼ 1, and thus the corresponding exciton extension becomes isotropic with 1 ML coverage (Supplemental Material).
[49] Furthermore, the E x calculated within the GW -BSE formalism are in excellent agreement with those calculated using the hydrogenic model (Table I) , which implies the applicability of this simplistic model to investigate exciton in such phosphorene derivatives with impurity coverage.
The SLPs with sub-monolayer coverages are both thermodynamically and kinetically stable. Further, the band edges align with the redox potentials for water splitting reactions for SLPs with 0.33−0.5 ML oxygen/sulfur coverages. [17] Carrier effective masses in all directions are severely affected by the impurity coverage, and the resulting exciton binding energies are found to be high (Supplemental Material).
[49] The calculated E x within the hydrogenic model is found to be 0.81 and 0.85 eV (0.85 and 0.86 eV) for 0.33 and 0.5ML oxygen (sulfur) coverages. Such high exciton binding makes charge separation difficult in optoelectronic and catalytic devices. Thus, although the conduction and valence bands in these derivatives align with the redox potentials, the catalytic activity is expected to be negatively impacted due to high exciton binding. On the other hand, the high absorption coefficient [ Figure 2 ] and robust exciton with high binding energy are desirable features for light emitting device applications. In this regard, the impurity covered phosphorene can extend such application to greenlight emission. [67, 68] The anisotropy in exciton extension is in agreement with the analytical estimation of λ ∼ (µ x /µ y ) 1/3 , which monotonically decreases with increasing coverage.
[49]
D. Exciton renormalization in few-layer and heterostructure phosphorene
While the layer-dependent evolution of gaps has been studied in few-layer phosphorene, [46, 62, 69, 70] it is intriguing to investigate the layer-dependent exciton binding. The effective screening increases with layer thickness and in addition, the carrier masses along different crystallographic directions are also expected to be modified. The evolution in lattice parameters with increasing layer thickness agrees well with the previous prediction and converges to the bulk values (Supplemental Material). [46, 49] Further, the bandgap in few-layer phosphorene decreases with thickness and converges to the value for black phosphorus [ Figure 3(b) ]. The calculated bulk gap of 0.26 eV agrees reasonably well with the ex- perimental measurement of 0.33 eV. [71] Considering the fact that the gaps are underestimated within the HSE06 functional, it is imperative to investigate its qualitative dependence on thickness. A power-law fit E g = aN −α +c, with N being the number of layers, indicates that E g decays much slower as α = 0.83 than the usual quantum confinement with α = 2. While α < 2 is generic in weak van der Waals stacked two-dimensional materials, calculated α in few-layer phosphorene is much smaller compared to MoS 2 , where α = 1.10. [72] The effective electron screening increases with thickness N , and the static dielectric constant ε in few-layer phosphorene increases with the number of layers. The anisotropic ε in black phosphorus (ε x = 14.75, ε y = 10.87, ε z = 8.68) are consistent with the experimental measurement of 16.5, 13 and 8.3 along the armchair, zigzag and perpendicular directions, respectively. [73] The dependence of χ 2D , calculated using the average of anisotropic static ε, indicates increasing screening with thickness [ Figure 3(a) ].
Effective carrier masses are mostly unaffected in fewlayer phosphorene except for the hole mass along the zigzag direction, which exhibits a strong layer dependence (Supplemental Material).
[49] The calculated m * h along this direction decreases sharply with thickness N , which is in agreement with a previous prediction. [46] To confirm the evolution of effective carrier masses with N , we calculated the same for the bulk black phosphorus, which compares well with the experimental values (Supplemental Material). [49, 74] Consequently, the renormalization of exciton binding in few-layer phosphorene [ Figure 3(a) ] is dictated by the strong dependence of effective hole mass along the zigzag direction and the increase in effective screening with layer thickness. This result is in contrast to the assumption that the exciton binding and thus its variation is inde- pendent of carrier effective mass. [3, 75] The large exciton binding sharply decreases from 0.72 eV in 1L to 0.48 eV in 2L and 0.31 eV in 5L phosphorene, which is still much higher than the corresponding bulk value. We estimated the Mott-Wannier exciton binding in black phosphorus E 3D x = (µ/ε 2 )R ∞ to be about 11 meV, which is much smaller than k B T at room temperature, and also much smaller than the same in bulk transition-metal dichalcogenides. [10] A similar power-law fit with α = 0.53 indicates a much slower dependence of E x on thickness than for E g . Further, the exciton extension in fewlayer phosphorene remains anisotropic while the degree of anisotropy decreases monotonically with thickness as λ increases (Supplemental Material). [49] Black phosphorous is often encapsulated to avoid degradation and restore the intrinsic electronic properties. [13, 21, 32] The hexagonal boron nitride (h-BN) was demonstrated to be a good candidate material for this purpose. [35] [36] [37] Thus, it would be worth investigating that how the electronic structure and effective dielectric screening are affected due to the substrate and capping. In this regard, we investigate the h-BN/SLP and h-BN/SLP/h-BN heterostructures [ Figure 4 (a) and (b)]. To minimize the lattice strain in the phosphorene layer, we used a 1×3 supercell of phosphorene with an orthorhombic 1×4 cell of h-BN. Due to its puckered structure, the phosphorene lattice is relatively much softer than the h-BN and can easily sustain a large strain. Thus, in relaxed geometry, the strain is induced in the phosphorene layer while the h-BN lattice is mostly unaltered.
[49] The bandgap of SLP in these heterostructures is only slightly modified compared to the pristine case (Supplemental Material).
[49] We attribute this small change in the gap to the induced strain in the phosphorene layer in the heterostructure. These results are consistent with the previous calculations. [76, 77] Previously, the exciton binding energy was proposed to be independent of the effective mass. [3] In contrast, within the present model, E x is determined by the effective mass and 2D polarizability. Moreover, the spatial anisotropic structure is directly related to the carrier effective masses, λ ∼ (µ x /µ y ) 1/3 . Thus, in addition to the dielectric environment, any change in the intrinsic electronic structure in phosphorene due to the substrate and capping layer is important to consider for a correct description of the exciton. Indeed, the effective carrier mass in the phosphorene layer is affected by h-BN, [49] which along with the electron screening from the h-BN layer reduces the exciton binding. The exciton binding is renormalized to 0.55 eV for the SLP/h-BN heterostructure, while the presence of a second h-BN layer in the h-BN/SLP/h-BN encapsulation does not alter the exciton binding further (0.53 eV). The excitons in these heterostructures are generated in the phosphorene layer, and no interlayer exciton is possible [ Figure 4(c) ]. Further, the spatial anisotropy of excitons in these heterostructures is reduced.
[49] Similar renormalization of exciton binding was predicted earlier for Al 2 O 3 /phosphorene/h-BN encapsulation, and phosphorene on SiO 2 or PDMS substrates. [75, 78, 79] IV. SUMMARY
We have studied the quasiparticle and optical properties of phosphorene and investigated the role of uniaxial strain, and impurity coverages. The excitonic properties described within a tractable anisotropic hydrogenic model exhibit excellent agreements with those calculated by explicitly considering the electron-hole interaction within the GW -BSE formalism. In contrast to the previous assumption, the exciton binding strongly depends on effective carrier masses, which further determines the anisotropic spatial extension of excitons. Similar to the pristine SLP, exciton in strained and impurity covered phosphorene remain strongly bound. However, due to the change in the corresponding carrier masses, the anisotropy in spatial extension is severely altered. Owing to a severe alteration in the effective hole mass along the zigzag direction and increase in the electron screening, the exciton binding is greatly renormalized in few-layer phosphorene. In contrast, the exciton binding is relatively less affected in the h-BN and phosphorene heterostructures. The robust large exciton binding energy and tunable photoluminescence in encapsulated and impurity covered phosphorene derivatives raise their prospective applications in light-emitting devices. The results indicate that the present model will be applicable to other phosphorene based superstructures and other two-dimensional anisotropic materials. The gap is mostly unaffected, while the slight change in gap is attributed to the strain induced in the SLP layer in the heterostructures. Note that, while the SLP layer in both the heterostructures have similar lattice parameters, they produce different bandgaps. This is largely due to the change in the distance between the two-half layers of SLP ( Figure S1 ). 
